The Qinling orogen was formed as a result of the collision between the North and South China blocks. The Qinling orogen represents the location at which the southern and northern parts of the Chinese mainland collided, and it's also the intersection of the Central China orogen and the north-south tectonic belt. There is evidence of strong deformation in this orogen, and it has had a long and complex geological history. We investigated the structure of the Moho in the southern Qinling orogen using large dynamite shot imaging techniques. By integrating the analysis of the single-shot and the move-out corrections profile, we determined the structure of the Moho beneath the northern Dabashan thrust belt and the southern Qinling orogen, including the mantle suture beneath Fenghuang mountain. The Moho is divided into two parts by the mantle suture zone beneath Fenghuang mountain: (1) from Ziyang to Hanyin, the north-dipping Moho is at about 45-55 km depth and the depth increases rapidly; and (2) from Hanyin to Ningshan, the south-dipping Moho is at about 40-45 km depth and shallows slowly. The mantle suture is located beneath Fenghuang mountain, and the Moho overlaps at this location: the shallower Moho is connected to the northern part of China, and the deeper Moho is connected to the southern part. This may indicate that the lithosphere in the Sichuan basin subducts to the Qinling block and that the subduction frontier reaches at least as far as Fenghuang mountain.
Introduction
The Qinling orogen is located in the center of the easttrending Central China orogen. The Central China orogen was formed when the northernmost part of the Paleo-Tethys ocean was sandwiched between the colliding North China and Yangtze blocks during the Mesozoic (Zhang et al. 2001; Dong et al. 2013; Li et al. 2015) . As part of the Kunlun-Qilian-Qinling-Dabie orogen, it is considered to be formed through subduction, collision, and exhumation processes (Zhang and Liao 2003) . The southern Qinling orogen is an important section of the Qinling orogen, and it can provide the key to resolve some of the issues related to its tectonic evolution. The Moho and the lower crust, the complex transition zone between the crust and the mantle, plays an important role on understanding the physics behind the dynamic processes acting in the Earth's interior.
It is proved that the deep seismic reflection profile can give higher-resolution images of the whole crust as well as the upper mantle compared with other geophysical approaches applied in imaging the Moho structure. Large dynamite shots can be used to determine the fine structure of the lower crust and Moho. For example, Klemperer et al. (1986) determined the structure of the Moho in Nevada, USA, using large dynamite shots. Kawamura et al. (2003) revealed the deep crustal structure of the eastern central tectonic line using two large dynamite shots. Stern et al. (2015) determined the structure of the Moho and the lithosphere-asthenosphere boundary beneath North Island, New Zealand, using large dynamite shots.
In this paper, we develop new processing techniques and selected the appropriate parameters to image the structure of the Moho using five large dynamite shots in the southern Qinling orogen. The deep seismic reflection survey line starts from north of the Daba mountain thrust nappe zone and ends at the southern end of the Shangdan suture zone, passing through Ziyang, Hanyin, and Ningshan from south to north (Fig. 1) .
Tectonic setting
The Qinling orogen is the western portion of the Qinling-Dabie orogenic belt, which was formed by the collision of the North China block and the Yangtze block in the Triassic ( Fig. 1a ) (Ames et al. 1996; Hacker et al. 1998) . After the collision, the Qinling-Dabie orogenic belt was subjected to post-collisional intracontinental mountain-building, characterized by the intrusion of granitic plutons and large-scale extensional deformation (Peltzer et al. 1985; Xing et al. 2005; Zhang et al. 2004 ). The Qinling-Dabie belt is an important regional geological and climatic boundary in Central China. To the west of Qinling-Dabie belt, numerous active strike-slip and thrust faults form the northeastern margin of the Tibetan plateau and continue to the Kunlun and Qilian orogens (Burchfiel et al. 1991; Harkins et al. 2010; Yin et al. 2008; Liu et al. 2013 ). The Dabie orogen and the Sulu terrane lie the east of Qinling-Dabie belt (Hacker et al. 1998 ) and the north is the Ordos block, bounded by Cenozoic rift basins, which is tectonically stable with very little earthquake.
The geological framework and tectonic evolution of the Qinling orogen have been investigated extensively in the last few decades (Meng and Zhang 1999; Zhang et al. 1995a Zhang et al. , b, 1996 Zhang et al. , 2001 . The Qinling orogen is a multiple system orogenic belt with two mountain chains: the North Qinling range and the South Qinling range, which are separated by the strike-slip Shangdan suture (Fig. 1) . The bedrock units outcropping in the Qinling orogen include Archean crystalline basement overlain by a series of Precambrian metamorphic rocks and Mesozoic-Paleozoic sedimentary strata, which were intruded by widespread granitoid plutons at 152-135 Ma (Zhang et al. 2001) . Cenozoic sedimentary strata are preserved in the late Cretaceous-Cenozoic intermountain basins and rifted graben basins that resulted from normal and strike-slip faulting in the Qinling orogen.
Acquisition and analysis of seismic data
The seismic profile with the length of 140 km was deployed from March 2013 to September 2014, and the profile location is shown in Fig. 1 . The characteristics of the Moho discontinuity depend strongly on the acquisition parameters, such as the amplitude and frequency content of the source signal and the geometry and deployment parameters of the recording system (e.g., the trace spacing and sample interval). These acquisition parameters control the resolution of the structure of the Moho. The images have a high dependence on the dynamic characteristics of the source signal (Carbonell et al. 2013) .
To obtain high-resolution seismic images of the entire lithosphere, we used three different sizes of dynamite source (Table 1 ). The nominal 24 kg charge was placed in 25-m-deep boreholes at a spacing of 200 m; additional shots of 96-120 kg were placed in one 35-m or two 25-mdeep boreholes with a spacing of 1 km. Charges of 500-2000 kg were fired every 30 km to acquire signals from deep in the lithosphere. The seismic data were acquired using a French Sercel 428Xl recorder and 24-bit digital seismic geophones. The geophones were placed at 40-m spacings and had a dominant frequency of 10 Hz. Table 1 lists all the data acquisition parameters. We used five large dynamite shots (charge C500 kg) to image the structure of Moho. The quality of the large dynamite shot data was generally excellent, with signal returns above ambient noise levels, and there was a strong reflection from the lower crust and Moho (Fig. 2) . The preliminary results indicate a highly reflective Moho. The dominant frequency was concentrated between 6 and 30 Hz, suggesting that these large explosions, despite their low dominant frequency, may actually have a broader frequency than less powerful explosions (Li et al. 2009; Jarchow et al. 1990 ). Reflections from different crustal depths could be detected from large explosive single-shot gathers. However, as a result of human activities, industrial noise, mining activities, and traffic along the profile, the quality of the data was inevitably affected; special attention was paid to this during data processing.
Compared with the data obtained using conventional average-sized and small amounts of dynamite (charge \200 kg), the data obtained using large dynamite explosions have stronger energy, a higher signal-to-noise ratio, a wider frequency band, and better continuity. The large dynamite shots could be used to discern and demarcate the reflective fabric of the lower crust and Moho. As the nearvertical incidence and reflection of the signal at the closest shotpoint are less affected by the seismic velocity, it may represent the lower crust and the Moho.
Current techniques for processing deep seismic reflection data typically only consider the similarities between the data obtained using large, average, and small explosions and ignores the differences in frequency, phase, and energy, which often leads to high signal-to-noise ratios. This means that reflections from the lower crust and Moho obtained using large dynamite shots are not correctly imaged in stacked or migrated sections. Developing the correct processes and selecting the correct parameters based on the characteristics of the data from the large dynamite shots are the key to imaging the lower crust and Moho. Many geophysicists have achieved good results in processing data from dynamite shots (e.g., Levander et al. 1994; Klemperer et al. 1986; Kawamura et al. 2003; Stern et al. 2015) .
We selected five large dynamite shots (charge [500 kg) for processing. The structure of the Moho could be seen on the profiles from all five large dynamite shots, and the frequency range was 6-30 Hz, consistent with the frequency of other reported deep seismic reflections from large dynamite shots (Stern et al. 2015; Jarchow et al. 1990; Steer et al. 1998) . One large dynamite shot (Station No. 4382) , located at the southern end of the Qinling Orogen, is shown in Fig. 2 . This shot with 1500 kg of dynamite distributed in ten 50-m boreholes; the detailed acquisition parameters are listed in Table 1 . The energy of shot was relatively strong, and the reflection information was very rich, especially the two layers lying at 8 and 14 s from the shotpoint. The reflections at 12-14-s two-way travel time (TWTT) are the deepest high-amplitude, laterally extensive reflections in the raw data. The geometry of the Moho is curved; the TWTT of 14 s at the shotpoint gives a depth estimate of about 42 km with an average Fig. 2 Shot record for station number 4382 located at North Qinling; the acquisition parameters are given in Table 1 . The Moho reflection is easily identified crustal velocity of 6 km/s (Steer et al. 1998; Gao et al. 2013b; Guo et al. 2013 ) and can therefore be regarded as the depth of the Moho (Teng et al. 2014) . The structure of the Moho is heterogeneous. With increasing receiving distance, the TWTT is increased gradually and reached 15 s (35 km) at the furthest offset.
Data processing
By combining the advantages of the ProMAX and Omega systems, the seismic data were processed following a special procedure. The main processing steps included: Segd in; geometry definition; tomography static corrections; amplitude recovery; pre-stack noise attenuation; normal move-out correction; common middle points stacking; random noise attenuation; AGC; and filter. A detailed data processing flowchart is shown in Fig. 3 , and the data processing parameters are summarized in Table 2 .
Reflection characteristics of the Moho
The processed seismic reflection section is shown in Fig. 4a . There are many large gaps in the section, some reaching to 10 s TWTT, as a result of a lack small offset data and the silent refraction and first arrival in the reflection data processing. The crust-mantle boundary is generally well defined at the bottom of the reflective crust (Cook et al. 2010) . The Moho reflectors are distinguishable throughout the entire section and are characterized by strong sub-horizontal reflectors (Fig. 4a ) appearing at 14.0-18.0-s TWTT. The Moho, the boundary/event between the crust and mantle, is clearly marked (Fig. 4b) ,
The Moho depth is estimated to be 40-55 km with an average crustal velocity of 6.0 km/s (Gao et al. 2013b; Guo et al. 2013) . The shallowest Moho is located at 40 km in the northernmost part of the profile. Multiple Moho reflectors (45-55 km) appear below Fenghuang mountain, south of the Hanyin basin (Fig. 4b) , and the deepest Moho reflectors were found at a depth of 55 km. The deepest Moho is represented by overlapped reflectors in the vertical section (Fig. 4b) , which is interpreted as the lithosphere in the Sichuan basin subducting to form the Qinling block; the subduction frontier reaches at least as far as Fenghuang mountain. We investigated the structure of the Moho using a large dynamite shot imaging technique. By integrating the analysis of the single-shot and the move-out corrections profile, we obtained the structure of the Moho beneath the northern Dabashan thrust belt and the southern Qinling orogen and identified the mantle suture beneath Fenghuang mountain. These large dynamite shots reveal the fine structure of the Moho in the southern Qinling orogen. The Moho is divided into two parts by the mantle suture beneath Fenghuang mountain: (1) from Ziyang to Hanyin, the Moho is about at 45-55 km in depth and the depth increases rapidly; and (2) from Hanyin to Ningshan, the Moho with depth of about 40-45 km shallows slowly.
The mantle suture is located at Fenghuang mountain, and the Moho is overlapped at this location. The shallower Moho is connected to the northern area, and the deeper Moho is connected to the southern area. This may indicate that the lithosphere in the Sichuan basin subducts to the Qinling block and that the subduction frontier reaches at least as far as Fenghuang mountain.
